Abstract Formation of the otocyst from the otic placode appears to differ from invagination of other cup-shaped organ primordia. It is known that the cellular cytoskeleton plays a limited role in otic placode invagination, whilst the extracellular matrix underlying the otic primordium intervenes in the folding process. In this study we have analysed the role of the basal lamina heparan sulphate proteoglycan in otic primordium invagination. At 10 H.H. stage, heparan sulphate proteoglycan immunomarking begins to appear on the otic placode basal lamina, increasing noticeably at 13 H.H. stage, coinciding with maximum folding of the otic epithelium, and is still present at later stages. Enzyme degradation of heparan sulphate proteoglycan in the otic primordium basal lamina, by means of microinjection with heparinase III prior to folding, significantly disrupts invagination of the otic placode, which remains practically flat, with a significant reduction in the depth of the otic pit and an increase in the diameter of the otic opening. The immunocytochemistry analysis revealed a notable depletion of basal lamina heparan sulphate proteoglycan in the otic primordia microinjected with heparinase, with no statistically significant differences observed in the volume or rate of cell proliferation in the otic epithelium relative to the control, which suggests that heparan sulphate proteoglycan disruption does not interfere with the epithelial growth. In addition, a study of apoptosis distribution by the TUNEL method confirmed that treatment with heparinase does not cause interference with cell survival in the otic epithelium. Our findings support the theory that otic primordium invagination may be regulated, at least in part, by the basal lamina components, which might contribute towards anchoring the otic epithelium to adjacent structures.
Introduction
The otic placode is an epithelial thickening derived from the surface ectoderm and located close to the hindbrain. Invagination to form the otic pit coincides with the formation of several epithelial folds (Meier 1978; Hilfer et al. 1989) . In chick embryos invagination starts at 12 H.H. stage and ends at 16-17 H.H. stage with closure of the otic pit (Álvarez and Navascues 1990) . The mechanisms controlling otic placode invagination remain unclear. It has been postulated that the cellular cytoskeleton plays a role in the folding of numerous embryonal epithelial primordia (Hilfer and Searls 1986) , and changes in the organisation of actin and myosin could bring about constriction of cell apices, inducing epithelial invagination. In this regard experimental manipulation of ATP levels or disruption in the transport of Ca ++ , conditions that interfere with the interaction of cytoskeletal actin and myosin, have been shown to disrupt invagination of the thyroid placode (Hilfer et al. 1977) , optic vesicle (Brady and Hilfer 1982) , nasal placode (Smuts 1981) and neural plate (Lee et al. 1983; Schoenwolf et al. 1988; Ferreira and Hilfer 1993) . Nevertheless, these manipulations apparently have no effect on invagination of the otic placode (Hilfer et al. 1989) , which indicates that the factors in question do not play a decisive role in the epithelial folds leading to otic vesicle formation.
Extracellular factors, or, more specifically, diverse molecules of the extracellular matrix, have also been associated with epithelial invagination. In fact, it is known that synthesis disruption or enzyme degradation of a cer-tain number of these molecules such as collagen, certain proteoglycans and glycoproteins may interfere with epithelial folding, as occurs in branching of the salivary glands, lung and kidney primordia (Klein et al. 1989; Nakanishi et al. 1986; Spooner and Faubion 1980; Spooner et al. 1985; Thompson and Spooner 1983) , as well as in the invagination of the otic primordium (Gerchman et al. 1991) . It has been demonstrated that treatment with tunicamycin, a drug which inhibits N-linked glycosylation, diminishing the synthesis of glycosaminoglycans, disrupts otic primordium invagination (Yang and Hilfer 1982; Rausch and Hilfer 1988) . More recently, Gerchman et al. (1995) have shown that the destructuring of the extracellular matrix beneath the otic primordium, by means of treatment with β-D-xyloside or by enzyme digestion with testicular or streptomyces hyaluronidase, significantly disrupts otic placode invagination due to alteration of the chondroitin sulphate proteoglycan in the extracellular matrix.
The composition and structuring of the basal lamina seems to play an important role in otic placode invagination. There is evidence that attachment of the otic epithelium to the neural tube is required for normal invagination; the otic placode became attached to the neural ectoderm through a single layer of fibronectin and collagen IV between layers of laminin (Hilfer and Randolph 1993) and microinjection of antibodies against laminin detach the two primordia, interfering with invagination of the otic placode (Gerchman et al. 1995) . All this appears to indicate that otic placode invagination depends to a large extent on the composition and proper structuring of the extracellular matrix and basal lamina.
Other proteoglycans such as heparan sulphate are present in the basal laminae of embryonal primordia that undergo invagination (Toole 1991) , and could play a role in epithelial folding, in this way, it is known that experimental disruption of heparan sulphate proteoglycan (HSPG) alters neural fold elevation during neurulation (Tukett and Morriss-kay 1989) and inhibits branching morphogenesis in embryonic lung explants (Toriyama et al. 1997) . Apparently HSPG is involved in the integration of the different components of basal lamina in processes relating to epithelial intercellular adhesion and in establishing epithelium-mesenchyme relations (Jalkanen et al. 1991; Wight et al. 1991; Paulsson 1992; Salmivirta and Jalkanen 1995) . Since, as we mentioned above, HSPG is involved in diverse types of epithelial folding during embryonal development, we have tried in this study to determine whether this proteoglycan plays a role in otic placode invagination. We have determined via immunofluorescence the expression of HSPG in the basal lamina of the otic placode between stages 10 to 16 H.H., a period comprising placode invagination. We have also demonstrated its involvement in the folding of the otic epithelium, given that the specific enzyme degradation of this proteoglycan disrupts otic placode invagination.
It is known that HSPG can bind to several growth factors, so this might play a role in regulating the proliferation of cells (Jaakkola and Jalkanen 1999) . In this regard we have assessed epithelial volume, the incorporation rate of BrdU and localisation of apoptosis by the TUNEL method in the otic epithelium. Our findings indicate that HSPG enzyme degrading does not appear to interfere with the survival of otic epithelial cells or to have an effect on their growth.
Materials and methods
For our study we used White Leghorn chick fertile eggs (Ibertec Farms, Valladolid), which were incubated at 38°C in a forced draft incubator with 90% relative humidity.
HSPG-immunomarking
In order to study the HSPG expression we obtained 10 to 16 H.H. (Hamburger and Hamilton 1951) stage chick embryos. Following extraction the embryos were classified and fixed in Carnoy fluid for 10 min and, after rapid dehydration in ethanol, embedded in paraplats for 1 h. The embryos were transversally oriented and serially sectioned at 8 µm. Once rehydrated the sections were washed in TRIS, pH 7.4 buffer, and were treated with testicular hyaluronidase (15,000 U/ml in TRIS) for 30 min at 37°C. After several rinses in TRIS, the sections were incubated in 1% TRIS/BSA for 20 min so as to block the possible union of the primary antibody with non-specific proteins. Incubation followed with the first antibody, Rat Ig-G anti-heparan sulphate proteoglycan (Upstate Biotechnology), in a solution of 10 µg/ml in 0.1% TRIS-BSA for 1 h at 37°C. After several rinses in TRIS buffer, the sections were incubated in the secondary antibody, a 1/320 dilution of anti-rat Ig-G FITC conjugate (Sigma), for 1 h at 37°C. Following several rinses with TRIS buffer, the sections were mounted in an aqueous medium (Aquamount). For visualisation and photographing of the preparations we used a confocal microscope (Zeiss LSM-310). Control sections were prepared as described above but using pre-immune serum as the primary antibody.
Heparinase microinjection
Microinjecting was carried out "in ovo", subsequent to the opening of a small window in the egg shell. A China ink Ringer solution was subgerminally injected in order to improve visualisation of the embryo, which was then classified by age. Only 9 and 10 H.H. stages embryos were microinjected. Once the vitelline membrane had been cut with tungsten needles, subectodermal microinjection was undertaken, with 2 nl of a solution of 4 U heparinase III from Flavobacterium heparinum (Sigma) dissolved in 5 µl Ringer, on the right side of the embryo lateral to the hindbrain. On the left side, used as the control, the same amount of heat-deactivated enzyme was microinjected. Microinjection was effected with 10-µm-tip diameter microneedles connected to a microinjector (Medical Systems, Greenvale, N.Y. 11548, PLI-100). When microinjection had been completed, the egg shell was sealed with a plastic adhesive tape and incubate resumed for a period of 9 h; then, microinjection in the same conditions was repeated, and once again re-incubation took place for a further 9 h, until the embryos reached stage 15-16 H.H.
A total of 112 embryos were microinjected and, in all of them, the effect produced by treatment with heparinase was checked by direct visualisation and comparison with the treated side (right) relative to the control side (left), and the width of the otic pit opening was noted.
The microinjected embryos were divided in different series for subsequent processing:
1. HSPG-immunomarking, following the same method as the one described above 2. Light microscopy and morphometric analysis 3. Apoptosis study by the TUNEL method 4. Study of cell proliferation by BrdU incorporation 5. Scanning electron microscopy Light microscopy and morphometric analysis After microinjection the embryos were extracted from the egg, rinsed in a 37°C Ringer solution and the amniotic membrane removed; this completed, they were fixed for a period of 6 h Bouin's fluid at room temperature. Following dehydration by immersion in graded ethanol, the embryos were embedded in paraplast and 8-µm-transversal sections were obtained; these were processed for staining with haematoxylin-eosin. The most representative sections were photographed with a Nikon microphot-FXA photomacroscope.
In the histological sections we made three types of measurements to assess the degree of growth and epithelial invagination:
1. Calculation of otic epithelium volume 2. Measurement of otic pit depth 3. Measurement of the width of the otic pit opening In total, 8 embryos were used in these operations
In order to calculate the epithelial volume of the otic primordia, the inner and outer limits of the otic epithelium were drawn in all sections from 16 H.H. stage embryos, by means of a Leitz SM Lux microscope equipped with a drawing tube (total magnification ×250). The epithelial areas were measured with a Videoplan (Kontrol Elektronic) computerised image analysis system, with the VIDAS 2.1 sterology program application. With a view to obtaining the total volume of each otic primordium, the areas (expressed in µm 2 ) were added and multiplied by 8 µm (the thickness of the sections). The final volumes were expressed as the arithmetic average of the values obtained±standard error.
The diameter of the otic pit opening was measured craniocaudally. From the values obtained the arithmetic mean was calculated and the final results were expressed in µm±standard error.
The depth of the otic pit was always measured in the same area, in the middle of the otic primordium; at this level we traced a tangent to the edges of the otic pit opening, then another line perpendicular to the previous one as far as the deepest area of the otic epithelium (Fig. 1) . We considered this distance the maximum depth of the otic pit. From the values obtained the arithmetic mean was calculated and the final results expressed in µm±standard error.
To assess the possible differences between the otic primordia treated with heparinase relative to the controls, in all measurements a two-tailed Student t-test for independent samples was applied and P values below 0.01 were interpreted as indicating statistical significance.
TUNEL method
We used this technique to determine the possible effects of the enzyme-degrading of heparan sulphate proteoglycan on the survival of otic epithelium cells whilst assessing apoptosis. The microinjected embryos were fixed in 4% formaldehyde-PBS and were embedded in paraplast and later sectioned at 8 µm. To localise apoptosis we employed an Apoptosis Detection System, Fluorescein Kit (Promega) according to the manufacturer's recommendations. This system measures the fragmented DNA of apoptotic cells by catalytically incorporating fluorescein-12-dUTP at the 3'-OH DNA ends using the enzyme terminal deoxynucleotidyl transferase, which forms a polymeric tail using the principle of the TUNEL (Tdt-mediated dUTP Nick-End-Labeling) assay. For visualisation and photographing of the preparations we used a confocal microscope (ZEISS LSM-310).
Cell proliferation assay
In order to determine whether HSPG enzyme-degrading interferes with cell proliferation in the otic epithelium, we made a study of BrdU incorporation. Following treatment with heparinase III and subsequent re-incubation of the embryos, we administered 20 nl of a 3% solution of BrdU (Sigma) in PBS by intracardiac microinjection. One h later the embryos were fixed in Carnoy and embedded in paraplast. Eight-µm sections were deparaffinized, rehydrated in descending series of ethanol, and the endogenous peroxidase blocked by treating the sections with 0.5% hydrogen peroxide in methanol for 30 min. After several rinses in PBS, the sections were incubated in 4 M HCl at 37°C for 15 min. HCl was neutralized by several washes with 0.1 M sodium borate buffer, pH 8.5. After being rinsed with PBS, the sections were incubated with 6 µg/ml of anti-BrdU antibody (Dako) diluted in PBS at 4°C overnight. Detection of this antibody was carried out by means an Antimouse Kit Extravidin Peroxidase (Sigma) according to the manufacturer's instructions. A slight countercolouring with Harris Haematoxylin was performed.
In order to quantify the degree of BrdU incorporation in the otic epithelium cells we counted the number of stained nuclei in the otic pit in alternative sections over a surface of 2,885 µm 2 in each cut; this surface was random in the different sections. We used a total of 6 embryos and the results were expressed as the mean of stained nuclei per surface±standard error. To assess whether differences exist in cell proliferation between otic primordia treated with heparinase relative to the controls a twotailed Studen's t-test for independent samples was applied and P values below 0.01 were interpreted as indicating statistical significance.
Scanning electron microscopy
Upon extraction the embryos underwent careful rinsing in a 37°C Ringer solution and the amniotic membrane was removed. Following fixing in 2.5% glutaraldehyde in 0.1 cacodylate buffer, the embryos were dehydrated in acetone. Subsequently, the embryos underwent critical point drying with liquid CO 2 in a Balzer's CPD device. Once the embryos had been dried, they were mounted on a metal pedestal and covered with gold film with a Balzer's SCD-310 system. A Jeol T-300 scanning electron microscope was used for visualising and photographing the samples. stage 12 H.H. At this stage the basal lamina of the hindbrain neuroepithelium shows an immunomarking pattern similar to that of the otic primordium; its dorso-lateral portion is in close contact with the medial part of the otic placode and both basal laminae are attached (Fig. 2C) .
During 13 and 14 stages (Fig. 2D ,E) a greater change is seen in the shape of the otic placode as a result of the folding of the epithelial wall, which leads to its sinking into the underlying mesenchyme. This epithelial folding is more accentuated in the lateral portion of the otic placode, whilst the medial part undergoes hardly any folding and becomes located very close to the dorso-lateral wall of the hindbrain. At these stages and in coincidence with otic primordium invagination there is a significant increase, in respect of previous stages, in HSPG-immunomarking intensity on the basal lamina of the otic pit. The medial part of the otic placode is still very close to the hindbrain neuroepithelium, but HSPG-immunomarking reveals that its basal laminae are independent, in contrast with stage 12 H.H.
Results

HSPG expression during otic placode invagination
We have studied the temporal evolution of otic placode HSPG expression by indirect immunofluorescence between stages 10 and 16 H.H., a period during which invagination of the otic primordium takes place, with the subsequent formation of the otic vesicle.
At 10 H.H. stage the otic epithelium, situated laterally to the hindbrain, begins to thicken, and like the rest of the surface ectoderm, shows hardly any HPGS-immunomarking on the basal lamina; only a few discontinuous patches of low fluorescence can be seen. Slight signs of immunomarking are also visible on the basal lamina of the hindbrain neuroepithelium ( Fig. 2A) .
At 11 and 12 H.H. stages (Fig. 2B,C) , this thickening of the otic epithelium is more pronounced than during the previous stage, but there are still no evident signs of invagination. On the otic placode basal lamina a continuous HSPG layer appears, becoming more fluorescent at At stage 15 H.H. otic epithelium invagination continues, principally at the expense of folding of the most medial portion. The edges of the otic pit come closer together but there is still no contact between them, whilst the otic primordium cavity remains in communication with the amniotic cavity via a small pore (Fig. 2F) . The HSPG-immunomarking pattern is similar to that of previous stages (13 and 14 H.H.), although there is less intense fluorescence in the otic epithelium basal lamina in regions close to the opening of the otic pit (Fig. 2F) .
At stage 16 H.H. the edges of the otic pit have established contact and fused to form the otic vesicle, although the latter is still joined to the surface ectoderm (Fig. 2G) . The antibody anti-HSPG marks a continuous layer on the basal lamina of the otocyst with an intensity of fluorescence similar to that of the previous stage (15 H.H.), with the exception of the lateral part of the otic epithelium, which stays joined to the ectoderm (Fig. 2G) .
The effect of treatment with heparinase III on otic placode invagination In order to determine whether the HSPG present in the otic placode basal lamina plays a role in its invagination, we carried out enzymatic degradation by microinjecting heparinase III into the mesenchyme underlying the right otic primordium at stages 9 to 10 H.H. chick embryos. The heat-inactivated enzyme was microinjected in the left otic primordium, which was used as the control.
Superficially, in almost all embryos the otic pit opening was wider on the side microinjected with heparinase III (right) than on the control side (left), and in the more developed embryos (stage 16 H.H.), the otic opening had closed on this side.
In embryos processed for scanning electron microscopy (Fig. 3) , it can be observed how on the right side, microinjected with heparinase III, the otic primordium has undergone hardly any invagination and remains practically flat with a large opening of communication with the exterior, as opposed to the left (control) side, in which invagination has been normal and the otic placode has sunk, despite there being a small opening communicating with the amniotic cavity. The remainder of the embryo appears morphologically normal on both sides. This shows that alterations induced by treatment with heparinase are restricted to the vicinity of the microinjected area.
Light microscopy images (Fig. 5 ) reveal the same defect with regard to invagination of the right otic placode (treated with heparinase III), and folding of the whole of the medial half is seen to be non-existent; in this area the otic epithelium occasionally appears to have undergone a slight de-structuring, losing the columnar orientation of its nuclei (Fig. 5C) , with respect to the left (control) otic anlage (Fig. 5A ), which appears pseudo-stratified. Furthermore, the hindbrain neuroepithelium and the medial portion of the otic epithelium are more separated on the side microinjected with heparinase III (right) than on the control side (left; Fig. 5A,C) . From a histological point of view, the lateral portion on the right side (the one treated with heparinase III) of the otic epithelium is normal, similar to that of the control side (left), with the cell nuclei on both sides arranged in a characteristically pseudo-stratified structure (Fig. 5A,C) . These findings indicate that enzymatic degradation of basal lamina HSPG affects the whole process of otic placode invagination, although this influence appears to be more evident in the medial region of the otic pit (next to the hindbrain neuroepithelium).
Alterations in otic placode invagination brought about by treatment with heparinase III are accompanied by acute changes in the HSPG distribution pattern in the basal lamina. Figure 4 shows the effectiveness of enzymatic digestion after 18 h of treatment. The right otic placode (treated with heparinase III) has not undergone invagination and a notable reduction can be observed in HSPG-immunomarking on its basal lamina ( Fig. 4C ) with respect to the left (control) otic primordium, which has now closed so as to form the otic vesicle. This side has an intense positive fluorescent HSPG-band which traces the basal lamina of the otocyst (Fig. 3A) , except in the closure region of the otic pit, which remains in contact with the surface ectoderm, this immunomarking pattern corresponds to the one already mentioned for the normal otic primordium in 16 H.H. stage embryos. 
Morphometric analysis
In order to determine whether treatment with heparinase affects otic epithelium growth and so as to evaluate the extent of interference in otic placode invagination induced by degrading the HSPG in the basal lamina, we made three different measurements in the histological sections: (1) Calculation of the volume of the otic epithelium, (2) Measurement of the depth of the otic pit, (3) Measurement of the diameter of the otic pit opening.
In all the measurings, and in order to compare the treated side with that of the control, a two-tailed Student's t-test for independent samples was applied and P values below 0.01 were interpreted as indicating statistical significance. The values obtained are summarised in Table 1 .
Comparison of the epithelial volumes of the otic primordia treated with heparinase III and the controls revealed no statistically significant variations (P>0.01). This suggests that degrading the basal lamina HSPG does not interfere with otic epithelium growth. However, the depth of the otic pit was more than double on the control side, whilst the diameter of the otic pit opening was considerably larger (four times) on the side treated with heparinase III. Both measurements reflected statistically significant differences (P<0.01) in the degree of invagination between the right otic pit (treated side) and the left (control side). This shows that enzyme degrading of the basal lamina HSPG clearly interferes with otic placode invagination.
Study of apoptosis and cell proliferation
In order to check whether enzyme degrading of basal lamina HSPG interferes with cell survival in the otic epithelium, we analysed at this level the presence of apoptosis by the TUNEL method. On the control side (left) apoptosis was only observed on the edges of the otic opening, and coincided with the closure and fusion and subsequent isolation of the otic pit from the surface ectoderm in the formation of the otic vesicle (Fig. 6C) . As was to be expected, on the side treated with heparinase III (right) there was a considerable delay in otic pit invagination and only one area of apoptosis could be observed on the lateral edge of the otic pit opening, in the transition zone between the otic epithelium and the ce- Apoptosis on the control side (C) was only observed in the region of closure and fusion of the otic opening (arrows). On the side treated with heparinase III (D) the otic placode has barely undergone invagination and apoptosis is present solely on the lateral edge of the otic pit (arrows). Occasionally we found isolated apoptosis in the hindbrain neuroepithelium (arrowheads) on both sides near to the otic pit. Bars 50 µm phalic ectoderm (Fig. 6D) . Apart from in these areas, which can be considered physiological or ones in which cellular death is normal, we found no sign of apoptosis in the rest of the otic epithelium. We also encountered several isolated cell deaths in the dorsolateral wall of the hindbrain neuroepithelium on both the control side and that treated with heparinase III (Fig. 6C,D) . By studying BrdU incorporation, we found that most cells in the DNA synthesis phase were located near to the basal portion of the otic epithelium and that there were few cells stained with BrdU in the vicinity of the apical portion on both the side treated with heparinase III and the control side (Fig. 6A,B) ; what is more, staining intensity on both sides was similar. In order to check whether HSPG enzyme degrading interferes with the proliferation of cells in the otic epithelium, we counted the cells stained with BrdU per surface unit (Table 1) . We observed that there was a slight decrease in BrdU incorporation on the side treated with heparinase relative to the control side; however, the statistical study revealed no statistically significant differences between the two sides (P>0.01), which suggests that the disruption of basal lamina HSPG does not interfere with cell proliferation in the otic epithelium.
Discussion
The basal lamina of the otic placode during invagination has a complex structure, and the presence of different components such as laminin, fibronectin, collagen IV and cytotactin has been described (Richardson et al. 1987; Hilfer and Randolph 1993) . Both qualitative and quantitative differences exist in the distribution of these molecules in the otic placode. Cytotactin tends to be located in the lateral portion, whilst the medial part of the otic primordium comes into contact with the neural tube neuroepithelium; at this level the basal laminae of both epithelia are attached by thin layers of laminin, collagen IV and fibronectin (Hilfer and Randolph 1993) and there is data that indicates that attachment of the otic epithelium to the neural tube is required for normal invagination. In this regard it has been demonstrated that microinjection of antibodies against laminin detach the two primordia, interfering with otic placode invagination (Gerchman et al. 1995) . In our study we have shown that the HSPG forms part of the otic placode basal lamina, and we have demonstrated that there is a progressive increase in the concentration of this proteoglycan from stages 10 to 13 H.H., when maximum folding of the otic epithelium occurs (Álvarez and Navascues 1990) and there is also close contact between the basal laminae of the medial part of the otic pit and the neural tube. This appears to be related to otic placode invagination, since basal lamina HSPG degradation by microinjection with heparinase III alters otic epithelium folding. The absence of Ac. anti-heparan sulphate immunomarking on the basal lamina of the treated otic primordium shows the effectiveness of treatment with heparinase.
The integrity of the extracellular matrix and the basal lamina seems necessary for normal morphogenesis of the inner ear, and certain studies support the thesis that glycoproteins may play an important role in otic placode invagination. Treatment of the otic primordium with tunicamycin (Rausch and Hilfer 1988) , a drug which inhibits Nlinked glycosylation (Mahoney and Duskin 1979) , disrupts placode invagination. Microinjection of β-D-xyloside in the extracellular matrix beneath the otic placode causes delayed invagination in chick (Gerchman et al. 1995) and rat (Alonso et al. 1998 (Alonso et al. , 1999 embryos, this drug disrupts the synthesis of sulphated proteoglycans, particularly chondroitin sulphate proteoglycan and HSPG (Sobue et al. 1987; Lugemwa and Esko 1991; Lugemwa et al. 1996) . It has also been demonstrated that enzymatic degradation of extracellular matrix hyaluronic acid disrupts otic epithelium folding (Gerchman et al. 1995) . Previously mentioned data and the present results suggest that glycoprotein molecules and especially proteoglycans play an important role in otic placode invagination, but the mechanism by which these molecules may control epithelial folding is not clear. Hyaluronic acid and sulphate proteoglycans are known to possess great hydrophylic capacity (Compert and Zamparo 1990) and can bring about an increase in intercellular spaces in the extracellular matrix that could exert a mechanical force on the edges of the otic epithelium and facilitate its folding. In this regard we know that hydration caused by hyaluronic acid and proteoglycans is an important factor in neuroepithelium folding in the formation of the neural tube (Schoenwolf and Fisher 1983; Morriss-Kay and Tuckett 1989) .
A description has also been given of the presence of adhesion molecules in the otic epithelium during invagination, more specifically N-CAM and L-CAM (Richardson et al. 1987) ; the former appears throughout the whole of the epithelium but is more concentrated in the lateral portion, whilst L-CAM has a uniform distribution pattern. Recently Brown et al. (1998) demonstrated that in avian embryos microinjection of blocking antibodies to N-CAM into the paraxial mesoderm adjacent to the otic placode resulted in two major classes of defects: detachment of the primordium from the neural tube and interference with formation of the otic folds. It is known that HSPG may interact with N-CAM at plasmatic membrane level (Cole and Burg 1989) and this interaction might produce changes in N-CAM structure that modulate cellular adhesion, thereby facilitating epithelial folding.
It has also been suggested that cell surface proteoglycans might establish connections between the intracellular cytoskeleton and the extracellular matrix (Goetinck 1991; Jalkanen et al. 1991) , which could bring about changes in the shape of the cells that would condition the folding of the epithelium. However, as was pointed out in the introduction, the role of the cellular cytoskeleton appears to be of little relevance in otic placode invagination.
HSPG is known to be capable of joining with different components of the extracellular matrix via its chains of glycosaminoglycan (Goetinck 1991) . These interactions between HSPG and the extracellular matrix might explain the fact that enzymatic digestion of the HSPG inhibits otic placode invagination, and it would constitute a point in common with alterations in otic primordium folding induced by the alteration of other components of the extracellular matrix. The HSPG may join with the fibronectin (Toole 1991; Paulsson 1992) , which in turn is capable of joining with the collagen IV (Yamada 1985) ; these molecules form part of the otic placode basal lamina during its invagination and, in fact, contribute to hindbrain neuroepithelium and otic epithelium anchoring (Hilfer and Randolph 1993) . This anchoring apparently plays an important role in epithelial folding, since it could stabilise a part of the epithelium whilst in other regions active or passive movements occur that lead to epithelial invagination. Enzymatic digestion of the HSPG could de-stabilise these connections between the otic epithelium and the neural tube and this might account for the disruption in invagination induced by treatment with heparinase. What is more, we have observed that although disruption of invagination is generalised, it is more visible in the medial part of the otic placode, and that there is separation between otic and neural epithelia. These factors support the hypothesis concerning the importance of otic placode basal lamina HSPG in its union with the hindbrain neuroepithelium.
It has also been postulated that a differential growth of the otic primordium could bring about internal forces within the epithelium leading to its invagination (Álvarez and Navascues 1990) , as occurs in the neuroepithelium during elevation of the neural folds (Sausedo et al. 1997) or in lung-branching morphogenesis (Gallagher 1986) . In this regard HSPG might stimulate epithelial growth on account of its association with growth factors. It is known that HSPG can bind to several growth factors, modulating its activity (Goetinck 1991; Ruoslahti and Yamaguchi 1991; Aviezer et al. 1994a,b; Johnson and Wong 1994; Schuger et al. 1996; David and Bernfield 1998) . This interaction has been studied mainly for fibroblast growth factors (FGFs) and several mechanisms have been proposed (Jaakkola and Jalkanen 1999) to explain how HSPG may modulate the action of the FGFs. First, the glycosaminoglycans in proteoglycans may induce oligomerization of FGF molecules required for fibroblast growth factor receptor clustering. Second, proteoglycans could protect FGFs from proteolytic degradation and serve as a reservoir for these heparin-binding growth factors. Third, HSPG could simply serve as molecules that have an ability to present the FGFs to the high-affinity receptors. Finally, it has been hypothesised that the main function of proteoglycans is to reduce the dimensionality of FGF diffusion. In addition, it has been proven that HSPG enzyme degradation or treatment with heparan sulphate antibody inhibits lung-branching morphogenesis in mouse embryos and that addition of basic fibroblast growth factor -a typical heparin-binding growth factorrestored the inhibition caused by heparitinase (Schuger et al. 1996; Toriyama et al. 1997) .
As regards otic primordium development, it has been shown that different secreted factors like the BMP-family of TGFβ-like polypeptides, FGF-2 and FGF-3 are expressed in the otic placode and otic vesicle Wu and Oh 1996; Mahamood et al. 1995 Mahamood et al. , 1996 Torres and Giráldez 1998) . It is not clear whether these factors can have an effect in otic placode invagination, although it has been suggested that FGFs might play a role in this process. This hypothesis was supported by the observation that otocyst formation in chick embryos was blocked by anti-sense oligonucleotides to FGF-3 protein and by antibodies against FGF-3 in explant culture (Represa et al. 1991) . However, mice homozygous for a targeted disruption of the FGF-3 gene form otocyts that are normal in morphology but whose subsequent morphogenesis and differentiation are aberrant (Mansour et al. 1993) . Similarly, in the Kreisler mutant mouse, in which FGF-3 is expressed at very low levels (Frohman et al. 1993; McKay et al. 1994) , the otocyst forms but fails to undergo normal morphogenesis and differentiation (Deol 1964) . These studies appear to indicate that FGF-3 is essential for late stages of otic morphogenesis and differentiation but not for invagination of the otic placode.
Since, as we have already mentioned, HSPG may modulate the activity of growth factors that could have an influence on otic primordium development, we have made an analysis of apoptosis, cell proliferation and the size of the otic epithelium. Cellular apoptosis detected by the TUNEL method was observed solely on the lateral edge of the otic pit on the side treated with heparinase III, and in the fusion and closure area of the otic opening on the control side. Both these areas of apoptosis may be considered physiological as they appear during normal development of the otic primordium (Marovitz et al. 1977; Represa et al. 1990 ). Analysis of otic epithelium size showed no statistically significant differences between the treated and control sides; similarly, although there was a slight reduction in the number of BrdU stained cells on the treated side, this difference was not statistically significant. This suggests that enzymedegrading of basal lamina HSPG does not interfere with the survival or proliferation of cells or with otic epithelium growth; however, we cannot rule out the co-participation of HSPG and growth factors in otic placode invagination, which might act in a different way from that of regulation of cell proliferation.
To conclude, this study provides experimental evidence that the integrity of basal lamina components is a requisite for normal otic placode invagination, despite the fact that we cannot exclude the co-intervention of other factors in otic epithelium folding.
